approval for use in adult patients in the early 2000s based on a dramatic and durable overall and progression-free survival benefit [1, 2] . Subsequently, other TKI with a greater target-specific potency and varying off-target inhibition profiles were designed and tested with the goal to fight mutation-driven resistance and drug-related intolerance affecting about one-third of imatinib-treated patients [3] . The second generation compounds dasatinib, nilotinib and bosutinib and the third generation drug ponatinib became part of the therapeutic arsenal against the disease and allogeneic hematopoietic stem cell transplantation was relegated to a position of last resort option despite its curative potential [4, 5] .
Introduction
Imatinib mesylate, the first ATP-competitive tyrosine kinase inhibitor (TKI) of BCR-ABL1, the driving oncoprotein of chronic myeloid leukemia (CML), received 1 3 patient populations, the 2-year probability to maintain such deep molecular response levels without any treatment was 38% in STIM and 47% in TWISTER [14, 15] . Although several independent studies provided evidence that leukemic stem cells persisted in most, if not all, imatinib-treated patients regardless of outcome after treatment discontinuation, follow-up analyses of the 100 patients enrolled in STIM proved long-term stability of TFR [16] . In the meantime, important efforts were made in order to better standardize and score deep molecular responses at different levels of RT-qPCR sensitivity (Fig. 1) [17] . Discontinuation of new generation TKI was also investigated.
TFR is on the way to become an important goal in clinical practice, implicating a change in CML management principles in the near future (Fig. 2) . The aim of this article is to provide update on TKI discontinuation studies and an overview of upcoming clinical and biological challenges.
Treatment-free remission studies: imatinib
Following STIM and TWISTER, several independent studies confirmed that imatinib-free remission was possible Fig. 1 Definition of deep molecular responses. Deep molecular responses (shown in blue) are defined as follows: MR4 (≥4-log reduction from IRIS baseline) = either detectable disease with BCR-ABL1 ≤0.01% IS or undetectable disease with 10000-<32000 ABL1 transcripts. MR4.5 (≥4.5-log reduction from IRIS baseline) = either detectable disease with BCR-ABL1 ≤0.0032% IS or undetectable disease with 32000-<100000 ABL1 transcripts. MR5 (≥5-log reduction from IRIS baseline) = either detectable disease with BCR-ABL1 ≤0.001% IS or undetectable disease with ≥100000 ABL1 transcripts. When using other control genes than ABL1 and in case of undetectable disease, copy numbers of control gene transcripts used to define deep molecular responses must be adapted [17] Fig. 2 Principle of CML management integrating TFR in clinical practice. Patients achieving and maintaining deep molecular responses (DMR) during first or subsequent line TKI treatment in the absence of prior TKI resistance may be offered a treatmentfree remission attempt in clinical practice. In case of a molecular relapse, TKI should be reintroduced and a second TKI discontinuation attempt should only be envisaged in the context of clinical trials. Patients who do not obtain deep molecular responses may also be candidates for clinical trials. Safe and appropriate criteria for TKI discontinuation in clinical practice should follow evidence-based recommendations in patients with deep and durable molecular responses (Table 1) . The observational according to STIM (A-STIM) study was the first to show that the loss of a major molecular response (MMR), a less stringent definition of molecular relapse than in STIM and TWISTER, represented a safe trigger for TKI resumption [18] . In this study, 80 CML patients stopped imatinib after a median time on therapy of 79 months (range 30-145) and a median duration of MR4.5 of 41 months (range 24-96). TFR estimate was 64% (95% CI 54-75) at 12 months and 61% at 24 months (95% CI 51-73). The majority of MMR loss occurred soon after imatinib discontinuation and among the 29 relapsing patients, only one lost MMR after 12 months. Importantly, peripheral blood BCR-ABL1 transcripts could be detected in 55% of non-relapsing patients either in an intermittent fashion or in a more continuous way, thus demonstrating that low levels of BCR-ABL1 transcripts after TKI discontinuation was not automatically associated with progressive CML.
The multicenter prospective Korean Imatinib Discontinuation Study (KIDS) primarily aimed at evaluating the probability of sustained MMR after imatinib discontinuation and thus used MMR loss as molecular relapse criterion as in A-STIM [19, 20] . Ninety patients stopped imatinib after a median duration of treatment of 80.8 months (range 38.2-141.3) and a median duration of MR4.5 with undetectable BCR-ABL1 transcripts of 39.9 months (range 22.1-130.7). As in other imatinib discontinuation studies, the median time to MMR loss in the 37 relapsing patients was short (median 3.3 months, range 0.9-20.8). The rate of sustained MMR without any treatment was close to that obtained in A-STIM, with 12-and 24-month probabilities of 62.2 and 58.5%, respectively.
The main goal of the European multicenter study EURO-SKI performed under the sponsorship of the European Leukemia Net (ELN) was to assess of the duration of MMR or better after stopping TKI therapy in a very large population of CML patients (ClinicalTrials.gov Identifier: NCT01596114). Key eligibility criteria were less stringent than in prior imatinib discontinuation studies and included a total duration of TKI therapy of at least 3 years and MR4 duration of at least 1 year. EURO-SKI excluded patients with a history of resistance to TKI. As in A-STIM, loss of MMR defined molecular relapse. The final analysis of this study in which 821 patients were included has not been performed yet, but preliminary results were presented on several occasions and most patients stopped first line imatinib. Survival without molecular relapse (MRFS) was assessed in 755 patients with a median duration of TKI therapy of 7.5 years (range 3-14.2) and a median duration of MR4 of 4.7 years (range 1-13.3). Unlike in other TKI discontinuation studies, MRFS probabilities were continuously decreasing, being at 61% (95% CI 58-75), 55% (95% CI 51-58), 50% (95% CI 47-54) and 47% (95% CI 43-51) at 6, 12, 24 and 36 months, respectively [21] . The reason for this steady decrease in TFR probabilities overtime is currently unknown and may relate to a between-patients variability of deep molecular response levels prior to TKI discontinuation and to the choice of MR4 and not MR4.5 as a threshold to discontinue therapy.
Treatment-free remission studies: dasatinib and nilotinib
Experience about second generation TKI discontinuation is quiet recent but results from several studies evaluating dasatinib or nilotinib-free molecular remission are already available ( Table 2 ). These studies are of particular interest because these 2 TKI are not solely useful to rescue patients facing imatinib failure or intolerance [22, 23] . Indeed, a switch to second line nilotinib increases the probability to achieve deep molecular responses compared to imatinib maintenance in patients with a complete cytogenetic response (CCyR) on imatinib [24] . Moreover, first line dasatinib or nilotinib in newly diagnosed CP-CML induces a more rapid decline in BCR-ABL1 transcripts and significantly higher rates of deep molecular responses compared with imatinib at 400 mg daily [25, 26] . Altogether, these data suggest that dasatinib or nilotinib may increase access to TFR strategies as compared to standard dose imatinib. Nevertheless, there is currently no evidence of improved TFR rates after dasatinib or nilotinib discontinuation compared with what reported for imatinib, although it should be recognized that no randomized comparison exists. The phase 2 Japanese multicenter Dasatinib Discontinuation trial (DADI) investigated TFR in patients treated with second or subsequent line dasatinib and in deep molecular response defined as a MR4 with detectable or undetectable BCR-ABL1 transcripts [27] . One year of MR4 consolidation with dasatinib therapy was given prior to the TFR phase which included 63 patients. All molecular relapses defined as loss of MR4 on a single occasion occurred soon after dasatinib discontinuation. After a median follow-up of 20 months, the TFR probability was 48% (95% CI 35-59) at 12 months and remained stable at later time points.
First or subsequent line dasatinib discontinuation was also evaluated in the context of the international multicenter DASFREE trial in 84 patients with at least 2 years of dasatinib treatment and in MR4.5 for at least 1 year (ClinicalTrials.gov Identifier: NCT01850004). A first interim analysis performed on 30 patients revealed a molecular relapse free survival probability of 63% at 12 months, molecular relapse being defined as the loss of MMR [28] . Updated results and a total follow-up of 5 years are planned. The French multicenter STOP 2G-TKI observational study evaluated first or subsequent line dasatinib or nilotinib discontinuation in patients with at least 3 years of TKI treatment and a deep molecular response duration of at least 2 years. Deep molecular response was defined as a MR4.5 with undetectable BCR-ABL1 transcripts and molecular relapse was defined as the loss of MMR on a single occasion. A first interim analysis reported outcomes of 60 patients with a minimum follow-up of 12 months and a median follow-up of 47 months (range 12-65). TFR rates at 12 and 48 months were 63.33% (95% CI 51.14-75.53) and 53.57% (95% CI 40.49-66.65), respectively [29] . As observed in DADI, the majority of molecular relapses (81%) occurred within 12 months after treatment cessation.
The phase 2 international multicenter trial ENESTop investigated second line nilotinib discontinuation in patients treated with TKI for at least 3 years including 2 years at least of nilotinib and in whom a deep molecular response defined as a MR4.5 was achieved during nilotinib treatment (ClinicalTrials.gov Identifier: NCT01698905). One year of MR4.5 consolidation with nilotinib was given prior to treatment discontinuation and 126 patients in stable MR4.5 entered the TFR phase. Molecular relapse was defined as the loss of MMR on a single occasion or a confirmed loss of MR4. The follow-up is still short and TFR rate at 48 weeks was 58.7% (95% CI 49.6-66.7) [30] . Follow-up of patients is planned for up to 4 years.
The phase 2 international multicenter trial ENESTfreedom studied upfront nilotinib discontinuation in patients treated for at least 2 years and in deep molecular response defined as a MR4.5 (ClinicalTrials.gov Identifier: NCT01784068). After 1 year of consolidation with nilotinib and a median duration of nilotinib treatment of 43.5 months, 190 patients in stable MR4.5 entered the TFR phase. Molecular relapse was defined as the loss of MMR on a single occasion. The follow-up is still short and the probability to remain in TFR at 48 weeks was 51.6% (95% CI 44.2-58.9) [31] . Patient follow-up is planned for up to 4 years. Other multicenter nilotinib or dasatinib discontinuation studies are currently ongoing including D-STOP (ClinicalTrials.gov Identifier: NCT01627132), NILSt, STAT2 or ENESTpath (ClinicalTrials.gov Identifier: NCT01743989) [32] [33] [34] [35] .
Patient safety in TFR studies
Overall, death due to CML was not reported in TFR studies and major safety issue was extremely rare. A highfrequency molecular monitoring was performed for early detection of molecular relapses, usually on a monthly basis during the first year and every 2-3 months thereafter. Patients who experienced a molecular relapse were instructed to rapidly restart the same TKI as prior to discontinuation unless otherwise medically indicated. Deep molecular responses were rapidly regained, indicating that TKI discontinuation trials performed under stringent monitoring conditions and treatment resumption policies did not favor the emergence of secondary resistance (Fig. 3) . However, there were two exceptions to these reassuring data. First, MMR loss was accompanied by the presence of a nilotinib-resistant F359V BCR-ABL1 mutation in a patient enrolled in ENESTfreedom [31] . Whether this mutant clone preexisted at a very low level prior to the TFR phase or emerged after nilotinib discontinuation could not be explored [36] . Second, CML transformation into lymphoid blast phase was described in a patient who lost MMR after imatinib discontinuation in the A-STIM study [18] . Intriguingly, transformation did not occur during the TFR phase, but 8.5 months after imatinib was restarted and after a MMR was regained. No imatinib-resistant mutation was identified, but cytogenetic analyses revealed chromosomal abnormalities in addition to the Philadelphia chromosome.
Whether the BCR-ABL1 + lymphoid leukemic clone was selected during imatinib treatment, during the TFR phase or after imatinib resumption remains unknown. In any case, this situation resembles sudden blast crisis that may exceptionally occur either in optimal responders to IFN-α or TKI or after IFN-α cessation or allogeneic stem cell transplantation [37] [38] [39] . Although a formal link with TKI discontinuation cannot be established, caution is needed in ongoing and future studies. Determining the exact frequency of such rare disease-related life-threatening event is a key issue from both patients and physicians perspective.
A logical expectation in TFR studies consists in the disappearance of TKI-related side effects during the treatment-free phase and indeed, most drug-related adverse events regress after imatinib discontinuation [40] . Unexpectedly, pruritus and newly occurring or worsening musculoskeletal pain within several weeks after TKI discontinuation was reported in about 30% of patients [20, 41] . This reversible phenomenon called the "TKI withdrawal syndrome" can last for up to several months. Musculoskeletal pain may necessitate prescription of painkillers such as paracetamol or nonsteroidal or anti-inflammatory drugs, less frequently a course of corticosteroids. Its pathophysiological mechanism is unknown. It rapidly disappears in patients who restart TKI therapy after a molecular relapse. Whether this "withdrawal syndrome" may be minimized by tapering TKI doses over several months before discontinuation is an open question. Other aspects of patient safety such as clinically relevant effects of the suppression of TKI-other drug interactions upon TKI discontinuation have not been looked at.
Prognostic factors of TFR
There is a high clinical need in trying to identify factors that significantly impact the likelihood of succeeding TKI discontinuation in order to minimize potential risks of a leukemic rebound, to avoid undesirable drug-withdrawal symptoms, not to disappoint patient expectations and to prevent unnecessary overuse of medical tests [41, 42] . So far, the search for clinical variables associated with outcome has been challenging. Keeping in mind the limitations due to varying trial design, factors such as the Sokal score, duration of therapy and duration of deep molecular response have provided some insights into the probability of successful imatinib discontinuation [14, 16, 20, 43] .
In STIM, prognostic variable analyses showed that a low or intermediate Sokal score and a long duration of imatinib therapy were associated with best TFR probabilities [16] . Using cut-off optimization methods, it was shown that patients who had been treated with imatinib for at least 54 months had a significantly lower probability of molecular relapse than patients with a shorter duration of Fig. 3 Evolution of BCR-ABL1 transcripts levels in a representative individual patient. BCR-ABL1 transcripts levels as measured by RT-qPCR from TKI introduction after CML diagnosis until TKI re-introduction upon MMR loss after treatment discontinuation imatinib. Analyses performed in EURO-SKI also found a detrimental effect of a short duration of imatinib treatment and a short duration of a deep molecular response prior to treatment discontinuation on TFR [21] . EUROSKI also aimed at determining whether the varying levels of deep molecular responses may influence TFR probabilities but this question may benefit from the use of new technologies with a better quantitative accuracy than RT-qPCR such as digital PCR [21, 43] .
It is too early yet to know whether the same factors influence TFR rates in new generation TKI discontinuation studies but both in DADI and in STOP 2G-TKI, a history of suboptimal response or resistance to imatinib was associated with a significantly reduced probability of achieving a TFR after dasatinib or nilotinib discontinuation [27, 29] . There is no obvious explanation for this observation since all patients were in deep and durable molecular response before therapy discontinuation, but it may be resolved as we gain more knowledge on the inter-individual functional heterogeneity of the leukemic stem cells reservoir [44] .
Real life experience with TKI discontinuation
The fundamental treatment goal in CML treatment is to protect patients from progression to blast crisis, such an event being a challenging issue as long-term survival is rarely achieved even with TKI combined to chemotherapy followed by allogeneic stem cell transplantation. However, there are many reasons to also aim at TFR rather maintaining TKI therapy indefinitely [45] . TFR offers the obvious advantages of getting rid of chronic side effects of TKI, avoiding potentially severe toxicities especially during pregnancy and in elderly or comorbid patients, and reducing expenses borne by individuals or health care systems [46, 47] . There have been few reports on TKI discontinuation in the real-life setting. Takahashi et al. conducted a nationwide survey in Japan and found that among 43 imatinib-treated patients with undetectable BCR-ABL1 transcripts (RT-qPCR sensitivity of at least 4-log) for a median time of 27.4 months (range 0.9-79.6), the 5-year molecular recurrence-free survival rate after imatinib discontinuation was 47% [48] . Benjamini et al. analyzed outcome after patient-driven TKI discontinuation and found that among 27 patients with undetectable BCR-ABL1 transcripts (RT-qPCR sensitivity of at least 5-log), the probability to maintain such deep molecular response levels at 12 months was 60.7% (95% CI 42.3-7.1) [49] . RegeCambrin et al. studied outcome of 42 patients with undetectable BCR-ABL1 transcripts (RT-qPCR sensitivity of at least 4-log) for a median time of 37 months (range 3-56) who discontinued imatinib and the MR4 relapse-free survival rate at 12 months was 57.7% (95% CI 44.7-74.2) [50] . Kong et al. focused on patients who discontinued TKI therapy for any reason while in deep molecular response (defined as BCR-ABL1 transcripts <0.0063% IS) for at least 2 years and using MMR loss as a trigger for therapy resumption, found that TFR probabilities at 1 and 2 years were 65.7% (95% CI 55.8-75.6) and 59.7% (95% CI 49.1-70.3), respectively [51] . No safety issues were reported in these studies and data suggest that patient outcome may not substantially differ from that of patients enrolled in clinical trials. However, these studies were retrospective in design and physician reluctance to include patients with serious safety issues after TKI discontinuation cannot be excluded. Clear and pragmatic recommendations on TKI discontinuation using rigorous evidence-based methodology will emerge in the near future with the goal to determine if, when and how patients may safely try to stop TKI in clinical practice. Patient concerns regarding potential disease recurrence as well as patient adherence to TFR strategies including monitoring and treatment resumption policies are two other key aspects to be taken into consideration for clinical decision making.
Areas of research and future prospects
So far, results from several clinical trials in CP-CML patients treated upfront with imatinib at 400 mg QD indicate that the incidence of deep molecular responses, a prerequisite for TFR, is quiet low. In DASISION and ENESTnd, the cumulative incidence of MR4.5 in each trial imatinib arm was 33 and 31% by 5 years, respectively [25, 26] . In the IRIS study, analysis of long term outcomes showed a MR4.5 rate at 5 and 10 years calculated on an intention to treat basis of 23.3% [2] . A study performed in 93 imatinib-treated patients in the real life setting found that the proportion of patients who obtained a deep molecular response such as a MR4 or a MR4.5 lasting for at least 2 years was 28% [52] . Dasatinib or nilotinib given upfront or in patients lacking deep molecular responses on imatinib significantly increase the likelihood of deep molecular responses [24] [25] [26] . However, there is still a long road before all patients may be eligible for TFR and a large room for improvement in TFR success rates. Having in mind the potential effect of IFN-α on CML stem cells, at least in murine models, and the superiority of imatinib + IFN-α over imatinib alone in terms of deep molecular responses induction, randomized studies are underway in order to evaluate the deep molecular response induction potential of second generation TKI associated with pegylated IFN [53] [54] [55] . However, TFR rates for patients stopping TKI+IFN-α combination therapies have not yet been investigated. Following a pilot study in patients who unsuccessfully stopped imatinib, successive TKI discontinuation attempts are also becoming an area of research [56] . In such patients, testing add-on treatments to standard TKI rationally chosen for their anti-leukemic stem cell effects may be of particular interest. While there is a broad consensus about leukemic stem cell persistence in all patients even those in deep molecular responses, the reasons underlying divergent outcome after TKI discontinuation is unknown [57] . The immune system may contribute to long-term TFR durability as several independent studies highlighted a relationship between TFR probabilities and immune effectors such as NK-cells, although a direct role of such cells has not been formally proven [27, 58, 59 ]. There may be substantial quantitative or qualitative heterogeneity in the leukemic stem cell reservoir and its niche between patients but such investigations are hampered by technical difficulties.
Conclusion
Demonstration from multiple studies that TKI discontinuation is feasible and safe in patients with deep and durable molecular responses on-therapy has challenged the concept of a lifelong treatment in CML. TFR is about to be integrated into clinical practice, although optimal selection criteria for such a strategy are still a matter of debate and there is a need for consensus recommendations to guide both physicians and patients. Patient awareness about what is certain or uncertain should be an important part of informed decision making. Clinical trials are still needed since many unanswered questions remain, as well as biological investigations aiming at developing approaches to eradicate LSC, in the idea of curing the disease.
